Introduction
============

Cartilage lesions in the joints remain a major clinical challenge due to their poor healing ability following injury. At present, the most commonly used treatments comprise microfracture, osteochondral autologous transplantation and autologous chondrocyte implantation, which can provide short-term success ([@b1-mmr-13-03-2071],[@b2-mmr-13-03-2071]). Previously, mesenchymal stem cells (MSCs) have been suggested as an alternative cell-source for cartilage regeneration, due to their ease of isolation and amenability to *ex vivo* expansion ([@b3-mmr-13-03-2071]--[@b5-mmr-13-03-2071]). Therefore, MSCs may provide a cell source for novel treatment strategies in cartilage regeneration ([@b4-mmr-13-03-2071]). Histologically, it has been observed that autologous matrix-assisted MSC implantation generates significantly more cartilage matrix into cartilage defects in animal experiments ([@b6-mmr-13-03-2071],[@b7-mmr-13-03-2071]). However, histological evaluation of cartilage repair tissue is invasive, and a non-invasive method is required to systematically evaluate the integrity of the repair tissue.

Magnetic resonance imaging (MRI), as a non-invasive approach, has been widely adapted to examine cartilage and repair tissue ([@b8-mmr-13-03-2071]--[@b10-mmr-13-03-2071]). In addition, advanced high-field MRI techniques can generate images with high spatial resolution, which enables visualization of the regenerated repair tissue in more detail ([@b11-mmr-13-03-2071],[@b12-mmr-13-03-2071]). Qualitative T~2~ mapping is able to differentiate hyaline cartilage from repair tissues, and assess collagen fibril network organization of the native hyaline cartilage following cartilage repair procedures ([@b13-mmr-13-03-2071]--[@b15-mmr-13-03-2071]). Furthermore, diffusion-weighted imaging (DWI) is able to detect changes in water mobility within the cartilage repair tissue, and may provide a method of quantification of cartilage maturation and tissue quality ([@b16-mmr-13-03-2071],[@b17-mmr-13-03-2071]). Therefore, additional information regarding cartilage repair tissue can be obtained with T~2~-mapping and DWI, in addition to standard morphological MRI ([@b18-mmr-13-03-2071]).

In the present study, the quality of cartilage repair tissue following SMSC treatment was investigated in a rabbit large osteochondral defect model using routine morphological MRI, T~2~ mapping and a DWI MRI technique with a 9.4T high-field. It was hypothesized that osteochondral repair using SMSCs facilitates the repair of appropriate tissue structure.

Materials and methods
=====================

Harvesting synovial cells from rabbits
--------------------------------------

In the present study, three New Zealand white rabbits (male, 5 months old, weighing \~3 kg) were used as the source of synovial cells. Rabbits were maintained at 20--25°C in a 12/12 h light/dark cycle. Synovium-derived MSCs (SMSCs) were isolated and expanded, as previously described ([@b19-mmr-13-03-2071]). The rabbits were anesthetized with pentobarbital (Sigma-Aldrich, St. Louis, MO, USA) and the synovial tissue (1×1×1 cm) was harvested from the knee joint. Harvested synovial tissue samples were finely sectioned with scissors and digested with 0.02% collagenase (Sigma-Aldrich) in high-glucose Dulbecco\'s modified Eagle\'s medium (DMEM, GE Healthcare Life Sciences, Chalfont, UK) supplemented with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics (100 U/ml penicillin and 100 U/ml streptomycin; GE Healthcare Life Sciences). Following overnight incubation at 37°C, the cells were collected by centrifugation (1,000 × g for 5 min at room temperature), washed twice with phosphate-buffered saline (PBS), and resuspended in high-glucose DMEM supplemented with 10% FBS and antibiotics. The SMSCs were then seeded into culture flasks (1×10^5^ cells/ml) and incubated in complete medium (low-glucose DMEM supplemented with 10% FBS and antibiotics) at 37°C in a humidified atmosphere containing 5% CO~2~ for proliferation. The complete medium was replaced once every 3 days. When the attached cells reached 90% confluence, following 9--12 days of primary culture, the cells were washed twice with sterilized PBS solution, collected by treatment with trypsin-EDTA (0.25% trypsin and 1 mM EDTA; Cell Applications, Inc., San Diego, CA USA), and seeded in new culture flasks at a dilution of 1:4 for the first sub-culture. The medium was replaced after 2 days to allow cell adhesion and to remove the adherent cells.

Animal experiments
------------------

All animal experiments were approved by the internal Animal Care and Use Committee at Shanghai Jiaotong University (Shanghai, China). A total of 15 white New Zealand rabbits (male, 5 months old, weighing 2.7±0.5 kg) were used for the present study. In the normal group (n=5), a surgical incision was introduced in the right knee joint without osteochondral defect model establishment. The remaining 10 rabbits underwent a surgical procedure to establish an osteochondral defect in the right knee. Among these, five rabbits subsequently received SMSC therapy (SMSC group), whereas the remaining five rabbits received no further treatment (control group). All animals underwent anesthesia by intravenous administration of 3% pentobarbital (30 mg/kg). Briefly, the animal was placed in a supine position on the operative table. Following skin preparation and disinfection, a midline incision was made, and a lateral parapatellar arthrotomy was performed to expose the femoral trochlea. A round full-thickness cartilage defect, 6 mm in diameter and 3 mm in depth, was created in the central portion of the femoral trochlea groove using a ring-drill (Osteochondral Autograft Transfer System; Arthrex, Inc., Naples, FL, USA). In the SMSC group, the defect was injected with the 1% high availability solution (Shanghai YuanYe Biological Technology Co., Ltd., Shanghai, China) containing SMSCs (2×10^5^ cells/ml, 0.5 ml/defect). Following treatment, the patella was reduced, the joint capsule was closed with interrupted sutures and the wound was closed in layers. Postoperatively, the animals were returned to their cages and allowed free cage activity without immobilization.

All rabbits were sacrificed 12 weeks following the surgical procedures for examination, using an overdose of pentobarbital. The macroscopic appearance of the defects was scored using a newly developed semi-quantitative macroscopic scoring system, developed by Goebel *et al* ([@b8-mmr-13-03-2071]). This reverse scale consists of five major parameters, and a total of 20 points indicates the worst possible result.

Evaluation by 9.4 T high-field MRI
----------------------------------

Immediately following sacrifice, knee tissue samples were harvested for MRI examination. MRI scans were performed on a 9.4T/400 mm wide bore MRI scanner (Agilent DD2 NMR console; Agilent Technologies, Inc., Santa Clara, CA, USA) using a volume RF coil (inner diameter, 40 mm; Bruker Corporation, Billerica, MA, USA). A 3D spoiled gradient echo (GRE) sequence was selected to perform isovolumetric scans of the osteochondral samples. Minimum voxel size was set to 125×86×86 *µ*m, and optimized imaging parameters were evaluated as: Repetition time (TR), 5.4 ms; time echo (TE), 3 ms; flip angle (FA), 7°; number of excitations (NEX), 9 and bandwidth (BW), 50 kHz. The cartilage defects were evaluated using a 2D magnetic resonance observation of cartilage repair tissue (MOCART) score ([@b20-mmr-13-03-2071]). Qualitative T~2~ maps were collected using a multi-echo multi-slice sequence (TR=2,500 ms, TE=10 ms, NEX = 1, FOV = 25 mm ^\*^25 mm, matrix = 256×256, slice thickness = 1 mm). Diffusion-weighted imaging was selected using a spin echo sequence (TR/TE = 2,300/36.5 ms, NEX = 1, matrix = 128×128, FOV = 25 mm ^\*^25 mm, section thickness = 1 mm). Pixel-wise calculation of the apparent diffusion coefficient maps was performed numerically.

Histology evaluation
--------------------

Following MRI scans, all samples were fixed in 10% neutral-buffered formalin solution (Wuhan Goodbio Technology Co., Ltd., Wuhan, China) for 2 days, and the samples were then decalcified in 10% EDTA solution for \~4 weeks at room temperature. The samples were sectioned (5 *µ*m) through the center of the defect using a microtome (SM2500; Leica Microsystems GmbH, Mannheim, Germany), and these sections were stained with hematoxylin and eosin (Wuhan Goodbio Technology Co., Ltd.) and Safranin-O (Sigma-Aldrich). The slides were visualized using inverted light microscopy (IX71SBF-2; Olympus Corporation, Tokyo, Japan). Digital images were captured using a DP Manager camera (Olympus Corporation). Two investigators performed histological analysis in a blinded-manner, in which five histological sections in each group were scored according to the modified O\'Driscoll scale ([@b21-mmr-13-03-2071]), with a lower score indicating lower histological quality of the cartilage repair tissue.

Data analysis
-------------

Statistical analysis was performed using Stata 10.0 software (Stata Corp, College Station, TX, USA), and data are presented as the mean ± standard deviation. Statistical analysis of the quantitative results was performed using one-way analysis of variance or a Kruskal-Wallis test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Macroscopic results
-------------------

No complications were observed in the rabbits throughout the course of the present study. At 12 weeks following surgery, the macroscopic appearance of the control group showed complete defect filling. The surface of the repair tissue was not flat, compared with that of the normal group. In four samples of the SMSC group, virtually complete defect filling was observed, whilst one sample of the SMSCs group exhibited incomplete defect filling with a severe fissure. For all samples of the SMSC group, the appearance of the repair tissue was similar to that of the adjacent cartilage tissue.

MRI results
-----------

The GRE images captured of the continuous cross section of articular cartilage and cartilage-bone interface are shown in [Fig. 1](#f1-mmr-13-03-2071){ref-type="fig"}. In the normal group, the surface appearance and signal intensity throughout the cartilage were flat, and the tide mark was clearly visible. In the control group, defect filling was complete and the defect remained visible. The signal intensity of the repair tissue was also abnormal, and the subchondral lamina was not intact. In addition, the signal intensity of the osteochondral defect site was higher, compared with that of the adjacent cartilage. In the single sample with severe fissure in the SMSC group, the osteochondral site revealed a similar pattern as the control group sample, with high signal intensity at the site of repair (data not shown). For the remaining samples of the SMSC group, the defect filling was almost complete, and a demarcation border was visible. The signal intensity of the repair tissue was almost normal, and the subchondral lamina was intact. Granulation tissue was also observed in the subchondral bone in the SMSC group, and the signal intensity of the granulation tissue was continuous, compared with that of the adjacent cartilage.

The results of the T~2~ mapping for each group are shown in [Fig. 2](#f2-mmr-13-03-2071){ref-type="fig"}. In the normal group, T~2~ mapping of the cartilage revealed a homogenous T~2~ pattern, with no extensive signal variation between the deep and the superficial cartilage. In the control group, the T~2~ values in the repair tissue were significantly higher, compared with those in the normal group (52.48±1.60, vs. 28.60±3.20ms; P= 0.009; [Fig. 3A](#f3-mmr-13-03-2071){ref-type="fig"}). The T~2~ mapping showed areas of long T~2~ components at the cartilage lesion, particularly in the subchondral region. At 12 weeks following SMSC transplantation, the repair tissue of the SMSC group also showed a significantly higher T~2~ value, compared with the normal cartilage group (42.26±13.09, vs. 28.60±3.20ms; P=0.0283; [Fig. 3A](#f3-mmr-13-03-2071){ref-type="fig"}). The repair tissue in the SMSC group had a shorter T~2~, compared with that of the control group, although no significant difference was detected (P\>0.05; [Fig. 3A](#f3-mmr-13-03-2071){ref-type="fig"}). No significant variation in T~2~ values were observed from the deep to superficial cartilage between the control and SMSC groups. All three groups exhibited areas of short T~2~ components in the superficial cartilage.

In the DWI imaging, the repair tissue in the SMSC group exhibited a significantly lower ADC value, compared with the control group (0.46±0.16×10^−3^, vs. 0.74±0.10×10^−3^ s/mm^2^; P=0.016; [Fig. 3B](#f3-mmr-13-03-2071){ref-type="fig"}). No significant differences were observed between the ADC values of the SMSC group and the normal group (0.46±0.16×10^−3^, vs. 0.27±0.20×10^−3^ s/mm^2^; P=0.17; [Fig. 3B](#f3-mmr-13-03-2071){ref-type="fig"}).DWI imaging of the normal group showed clear signal variation in the normal cartilage, with a signal transition between low and high ADC values observed between the deep and superficial cartilage ([Fig. 4](#f4-mmr-13-03-2071){ref-type="fig"}). However, cartilage repair tissue in the control group showed no signal variation in the ADC values, suggesting a lack of correct collagen arrangement. The repair tissue area of the SMSC group showed no transition between low and high ADC values between the deep and superficial articular layers of the repair site.

Histological results
--------------------

As determined by the histological analysis, the cartilage tissues in the normal group were compact and exhibited a structural arrangement ([Fig. 5](#f5-mmr-13-03-2071){ref-type="fig"}). At 12 weeks following the SMSC transplantation procedure, the defects in the SMSC group and the control group had been filled with repair tissues. In the control group, fibrous repair tissue penetrated deeply into the subchondral bone, however, there was no evidence of hyaline-like cartilage or restored cartilage surface, and a severe fissure was observed at the cartilage interface. The defects were predominantly filled with granulation and fibrous tissue, which exhibited poor Safranin-O staining ([Fig. 6](#f6-mmr-13-03-2071){ref-type="fig"}). In the SMSC group, repair tissue covered the lesion site of the osteochondral samples. Fibrous tissue was also observed in the superficial layer of the SMSC group, and subchondral bone formation was present. Small, flat cells were observed in the surface layer, and large, round cells were located in the deep layer ([Fig. 5](#f5-mmr-13-03-2071){ref-type="fig"}). Safranin-O staining revealed repair tissues, which were stained red and regularly distributed in the SMSC group, which was indicated by the columnar alignment of the cells in the deep layer and the small tangentially organized cells in the superficial area ([Fig. 6](#f6-mmr-13-03-2071){ref-type="fig"}).

The macroscopic score and 2D MOCART score, and the modified O\'Driscoll scale are shown in [Fig. 7](#f7-mmr-13-03-2071){ref-type="fig"}. No significant differences were observed between the control group and the SMSC group in the macroscopic score (P\>0.05), the 2D MOCART score (P\>0.05) or the modified O\'Driscoll scale (P\>0.05).

Discussion
==========

In the present study, tissue repair following SMSC transplantation in a rabbit osteochondral defect model was analyzed using 9.4T high-field MRI. The DWI technique revealed unique SMSC healing outcomes, demonstrating regional variation in cartilage organization. The SMSC group exhibited increased cartilage healing, compared with the control group, resulting from the production of the regularly distributed organization of repair tissue at the repair site.

Previous investigations have demonstrated that MSC grafts improve the early healing response, increasing collagen type II-positive cross-sectional areas of the regenerated tissue and increasing aggrecan content ([@b6-mmr-13-03-2071],[@b22-mmr-13-03-2071]). It has also been demonstrated that intra-articular bone marrow-derived MSCs enhance cartilage repair quality, with increased aggrecan content and tissue firmness ([@b23-mmr-13-03-2071]). In the present study, it was observed that SMSC implantation increased repair tissue quality, with columnar alignment of cells in the deep layer and small tangentially organized cells in the superficial layer.

In addition, MRI at 9.4T revealed that the signal intensity of the osteochondral defect site was higher than that of the adjacent cartilage. However, graft signal intensity was not directly associated with graft histological appearance ([@b24-mmr-13-03-2071]). Therefore, T~2~ mapping and the DWI technique were subsequently used to differentiate the repair tissue. T~2~ mapping uses the water content of cartilage and its transverse relaxation time as biochemical markers for changes in cartilage collagen structure ([@b25-mmr-13-03-2071],[@b26-mmr-13-03-2071]). A significant trend of increasing T~2~ values, from the deep to the superficial layer, is found in hyaline cartilage, whereas fibrous tissue sites exhibit no significant change in T~2~ value with depth ([@b13-mmr-13-03-2071],[@b27-mmr-13-03-2071]). In the present study, the cartilage of the normal tissue specimens revealed a homogenous T~2~ pattern, with no significant regional variation between the deep and superficial cartilage. All three groups exhibited areas of short T~2~ in the superficial cartilage, possibly owing to the effect of neutral-buffered formalin on the cartilage.

DWI exploits the mobility of water protons in biological tissues, and thus can reveal the structure of biological tissue at a microscopic level ([@b16-mmr-13-03-2071],[@b18-mmr-13-03-2071],[@b28-mmr-13-03-2071]). Whereas T~2~ mapping is specific for collagen network and water-content, DWI is specific for collagen and proteoglycan content ([@b29-mmr-13-03-2071]). Mean diffusivity, evidence by the ADC, is linearly correlated to progressive proteoglycan extraction in articular cartilage ([@b30-mmr-13-03-2071]). The ADC value of normal cartilage increases from the bone-cartilage interface to the articular surface ([@b12-mmr-13-03-2071]). In the present study, DWI imaging of the normal group showed marked regional variation, with a transition between low and high ADC values from the deep to superficial regions. It was hypothesized that the DWI reflects the biochemical constitution of cartilage as a combination of collagen content/orientation, hydration and glycosaminoglycan content ([@b18-mmr-13-03-2071]). Furthermore, in the repair tissue area of the SMSC group, no transition between low and high ADC values were observed between the deep and superficial areas. These results suggested that SMSC implantation alone was not able to restore the native order of cartilage structure, however, it increased the columnar alignment of cells in deep layer and small tangentially organized cells in the superficial layer. Although the repair tissue area of the SMSC group had a significantly lower ADC value, compared with the control group, no significant difference in ADC values were observed between the SMSC and the normal group. Therefore, the ADC maps provided a more sensitive technique for the detection of improved repair tissue quality in the SMSC group.

The present study presented with a number of limitations. Firstly, the cartilage defect samples were examined *ex vivo*, therefore, the results cannot be generalized to *in vivo* conditions. Secondly, the present study evaluated only a single time point, with a small number of samples. Future in-depth investigations with a larger sample size is required to provide valuable information regarding the validity of these results. Finally, there was the lack of direct histological correlation for the T~2~ and ADC measurements.

In conclusion, the present study demonstrated that osteochondral repair using SMSCs facilitated the repair of appropriate tissue structure. In addition, clinical scoring, morphological MRI, T~2~ mapping and DWI at 9.4T high field provided additional information in the evaluation of cartilage repair tissue quality. The DWI technique may be applied to evaluate the treatment progress of osteochondral lesion.
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![High-spatial-resolution morphologic magnetic resonance images of continuous cross sections of articular cartilage. L1-5 represents consecutive scan slice levels, revealing the cartilage defect. SMSCs, synovial membrane-derived mesenchymal stem cells.](MMR-13-03-2071-g00){#f1-mmr-13-03-2071}

![T~2~ map of cartilage repair tissue in the normal group, OCD group and SMSC group. Higher color values indicate areas of poor cartilage repair. OCD, osteochondral defect; SMSC, synovial membrane-derived mesenchymal stem cells.](MMR-13-03-2071-g01){#f2-mmr-13-03-2071}

![Comparison of T2 and ADC values. (A) T2 values of the normal group, OCD group and SMSC group. (B) Comparison of apparent ADC values among the normal group, OCD group and SMSC group. Data are presented as the mean ± standard deviation. ^\*^P\<0.05 vs. the control group, ^\#^P\<0.05 vs. the normal group. OCD, osteochondral defect. SMSCs, synovial membrane-derived mesenchymal stem cells; ADC, apparent diffusion coefficient.](MMR-13-03-2071-g02){#f3-mmr-13-03-2071}

![ADC map of cartilage repair tissue in the normal, OCD and SMSC group (^\*^10^−4^ mm^2^/s). Normal hyaline cartilage exhibited zonal variation, with a transition between low and high ADC values observed from the deep to superficial regions. Higher color values indicate areas of poor cartilage repair. OCD, osteochondral defect; SMSC, synovial membrane-derived mesenchymal stem cells. ADC, apparent diffusion coefficient.](MMR-13-03-2071-g03){#f4-mmr-13-03-2071}

![Histological analysis of repair tissue samples stained with hematoxylin and eosin 12 weeks following surgery to induce OCD. Staining indicates the cartilage defect in the tissue. OCD, osteochondral defect; SMSCs, synovial membrane-derived mesenchymal stem cells.](MMR-13-03-2071-g04){#f5-mmr-13-03-2071}

![Histological analysis of repair tissue samples stained with Safranin-O 12 weeks following surgery to induce OCD. The images indicate the osteochondral repair using SMSCs displayed the appropriate tissue texture. OCD, osteochondroal defect; SMSCs, synovial membrane-derived mesenchymal stem cells.](MMR-13-03-2071-g05){#f6-mmr-13-03-2071}

![Assessment of tissue repair. (A) Macroscopic scores of cartilage repair 12 weeks post-surgery. (B) 2D MOCART scores of cartilage repair 12 weeks post-surgery. (C) Modified O\'Driscoll scale of cartilage repair 12 weeks post-surgery. Data are presented as the mean ± standard deviation. No significant differences were observed between the OCD and SMSC group in macroscopic score, 2D MOCART score or modified O\'Driscoll scale. ^\*^P\<0.05. OCD, osteochondral defect; SMSCs, synovial membrane-derived mesenchymal stem cells; MOCART, magnetic resonance observation of cartilage repair tissue; n.s., not significant.](MMR-13-03-2071-g06){#f7-mmr-13-03-2071}
